The current research is devoted to the study of the modification of the titanium implants by the micro-arc oxidation with bioactive calcium phosphate coatings containing Ag or Sr and Si elements. The coatings' microstructure, phase composition, morphology, physicochemical and biological properties were examined by scanning electron microscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX) and X-ray diffraction (XRD). Ag-containing and Sr-Si-incorporated coatings were formed in alkaline and acid electrolytes, respectively. The formation of the coatings occurred at different ranges of the applied voltages, which led to the significant difference in the coatings properties. The trace elements Ag, Sr and Si participated intensively in the plasma-chemical reactions of the micro-arc coatings formation. Ag-containing coatings demonstrated strong antibacterial effect against Staphylococcus aureus AТСС 6538-P. MTT in vitro test with 3T3-L1 fibroblasts showed no cytotoxicity appearance on Sr-Si-incorporated coatings.
Introduction
In the modern world, the requirements for biomedical materials have been increasing. Implants have to meet certain requirements, and therefore increase the quality and life expectancy of millions of people. For instance, implant materials have to correspond to certain physical, chemical and mechanical properties. What is more, they have to be biocompatible with surrounding tissues, namely they should not be the cause of allergic and/or inflammatory reactions in the body [1, 2] .
Artificial materials such as metals, polymers, ceramics, and bioactive glasses are successfully used to remove bone defects and restore bone tissue in traumatology, orthopedics and dentistry [3] [4] [5] . The most preferred materials in the surgery area are metals and alloys due to their strength, a combination of high mechanical properties and durability [6] . Cobalt-chromium and stainless steel alloys are well-known and have been used for many years as medical devises and implants. Cobalt-chromium alloys have excellent corrosion resistance, as well as biocompatibility. The main limitation of their use is the ability to disintegrate under long mechanical effects (friction, erosion, etc.) [7] [8] [9] . Stainless steel alloys are characterized by high strength and low cost, for example, compared to cobalt-chromium and titanium alloys. However, their prolonged implantation in the biological media can lead to the corrosion and releasing toxic metal ions such as iron and nickel into the surround tissues. Consequently, there is a disruption of the implant integrity and inflammatory reactions in the area of implantation [10] [11] [12] .
Among all metal materials, titanium (Ti) and its alloys exhibit the best biological compatibility, excellent corrosion resistance, non-toxicity and a much lower elastic modulus compared to stainless steel and cobalt-chromium alloys (the elastic modulus of stainless steel is 200 GPa, cobalt-chromium alloys -210 GPa, titanium -110 GPa) [13] [14] [15] . Although Ti and its alloys are biocompatible, unfortunately, they are bioinert materials [16, 17] , hence they do not create conditions for osteointegration with bone tissue. Therefore, it is very promising to create biocomposite materials which are able to combine a metal base and a bioceramic coating containing calcium phosphates (CP). By combining these materials, it is possible to produce an implant with excellent physical, mechanical and biological properties [18, 19] . It is known that CP compounds are a part of inorganic components of bones, teeth and enamel [20] . Nowadays such CP compounds as monetite (CaHPO 4 ), brushite (CaHPO 4 ·2H 2 O), α-and β-tricalcium phosphate (α-and β-ТCP, α-and β-Ca 3 (PO 4 ) 2 ); hydroxyapatite (HА, Ca 10 (PO 4 ) 6 (OH) 2 ) are being under study [21] [22] [23] [24] . HA and β-TCP are the preferred materials, owing to their lower solubility and Ca/P ratio of 1.67 and 1.5, respectively [25] .
There are many ways to form the CaP biocoatings. The most popular methods are plasma deposition [26, 27] , biomimetic [28] , sol-gel [29, 30] and high-frequency magnetron sputtering [31, 32] . Among the above mentioned methods of the coating deposition, the micro-arc oxidation (MAO) is one of the most effective methods owing to its high efficiency and low cost. A key feature of the process is the plasma discharge that occurs at the metal/electrolyte interface. When the applied voltage exceeds a certain critical value of the breakdown a series of discrete, short-lived micro-discharges appear. The micro-discharges move along the surface of the metal. As a result, a porous coating is formed [33] [34] [35] .
Postoperative infections provoke a lot of problems in orthopedic surgery. Staphylococcus aureus bacteria have become resistant to antibiotics, so bioactive coatings with the addition of antimicrobial reagents can be an effective way to prevent infections [36, 37] . Materials with special properties can be obtained by isomorphic substitutions in the structure of calcium phosphates such as HA and TCP. Metal ions (Ag + , Cu 2+ and Zn 2+ ) are widely used in medicine as antibacterial agents. Silver ions show particularly high antimicrobial activity [38, 39] . Sufficiently small concentrations of silver in the range of 1.0-3.5 at% maintains low toxicity and high antimicrobial effect [40, 41] . Nevertheless, a lot of publications concerned with the formation of Ag-containing HA show that it is rather difficult to obtain a single-phase product. As a rule, researchers get hydroxyapatite and silver particles [42] . Silver nanoparticles are reported to be cytotoxic because of the burst release of Ag ions [43] . In the present work, the possibility of the HA formation in micro-arc coatings during plasmachemical reactions with the participation of silver ions which are embedded in the coating structure is shown. As it has been indicated, strontium (Sr), which is natural boneseeking trace element, enhances the osteoblast differentiation and bone matrix mineralization [44] . At the same time, Sr can inhibit bone resorption by reducing the osteoclast differentiation and resorption activity, and therefore it can induce osteoclast apoptosis [44, 45] . Silicon (Si) is essential trace element in biological processes and it plays a specific metabolic role in bone growths [46] . The presence of Si at the surface of biomaterials may also enhance osteogenesis through a direct chemical mechanism and positively affect bone in-growth, osteogenesis, cell differentiation, and remodeling. Double substitutions in the structure of HA are very interesting. There are many publications showing the possibility of Sr-HA or Si-HA production. However, the obtaining of micro-arc coatings using HA with simultaneous replacement of Sr and Si was demonstrated in the present work for the first time. In this case, Sr and Si can enhance their osteogenic properties. Taking into consideration the beneficial effects of Sr and Si in the bone tissue, they can be used as doped element into CP biocoatings via MAO method.
The purpose of this research was to produce the micro-arc Ag-and Sr-Si-containing CP coatings on Ti substrate and to study their microstructure, phase composition, morphology, physicochemical and biological properties. In addition, a comparative study and analysis of the formation of micro-arc coatings in acidic and alkaline electrolytes was carried out.
Materials and methods

Sample preparation
Substrates from commercially pure titanium (99.58 Ti, 0.12 O, 0.18 Fe, 0.07C, 0.04 N, 0.01H wt%) were used for coatings deposition. Titanium plates 10 × 10 × 1 mm 3 in size were prepared as it was described in Ref. [2] . In order to carry out the MAO method the Micro-arc 3.0 technique was developed [2] . The installation consisted of a pulsed power source, a computer for controlling the deposition process, galvanic bath with water cooling system and two Mo electrodes.
Four types of the MAO coatings (CP-1, Ag-CP, CP-2 and Sr-Si-CP) depending on the electrolyte composition were obtained. It should be noted that CP-1 and Ag-CP coatings were deposited in the alkaline electrolyte (pH = 10-11), while CP-2 and Sr-Si-CP coatings were formed in the acid electrolyte (pH = 1-2). To produce the first type of coating (CP-1) the alkaline electrolyte containing Na 2 HPO 4 , NaOH, and β-Ca 3 (PO 4 ) 2 was prepared. To synthesize the second type of coating (Ag-CP) silver nitrate AgNO 3 was added to the alkaline electrolyte in amount of 1 g/l. The third type of coating (CP-2) was produced in the acid electrolyte containing: 30% H 3 PO 4 , CaCO 3 and stoichiometric HA nano-powder. The fourth type of coating (Sr-Si-CP) was deposited in the acid electrolyte based on 30% H 3 PO 4 , CaCO 3 and Sr-Si-substituted HA (Ca 9.5 Sr 0.5 (PO 4 ) 5.5 (SiO 4 ) 0.5 (OH) 2 ). All types of the coatings were formed in the anodic potentiostatic regime for 5-10 min at the applied voltages of 200-450 V. Pulse frequency was of 50 Hz, pulse duration was of 100 μs.
Experimental methods
Morphology and microstructure of the coatings were examined by scanning electron microscopy (SEM, Zeiss LEO EVO 50, Germany) and transmission electron microscopy (TEM, JEOL JEM-2100, Japan) in "Nanotech" center at ISPMS SB RAS. Furthermore, the elemental composition and distribution of the elements in the coatings were also analyzed using energy-dispersive X-ray spectroscopy (EDX, INCA, Oxford Instruments) in combination with the SEM systems. The phase composition was determined with the help of X-ray diffraction analysis (XRD, DRON-7 "Nanotech" center) in the angular range of 2θ = 10-95°w ith a scan step of 0.02°with Co Kα radiation. The surface roughness was estimated with a Hommel-Etamic T1000 profilometer (Jenoptik, Germany) by the average roughness (Ra). The traverse length and rate of the measured profile were 6 mm and 0.5 mm/s, respectively. The coating thickness was determined with SEM cross-sectional micrographs.
The study of the coatings wettability was carried out by means of the installation of the Easy Drop DSA1 (Kruss, Germany). The contact angles were measured along the profile of a lying drop by tangent at the point of a three-phase solid-liquid-gas contact. To determine the free surface energy of the coatings the contact angles with both water (polar) and glycerol (non-polar) liquids were measured. The values of the surface tension of water and glycerol are 72.8 and 63.4 mN/m respectively. The calculation of the free surface energy of the coatings was performed according to the Owens-Wendt equation [47] :
where σ L D , σ S D , σ L P , and σ S P are the dispersion and polar components of the free surface energy of the liquid and solid phases, and σ L is the free surface energy of the test liquid.
Biological studies
The experiments in vitro with the pathogenic strain Staphylococcus aureus AТСС 6538-P (S. aureus) (the collection of the Department of Microbiology of Siberian State Medical University, Tomsk, Russia) were performed to analyze the antibacterial activity of the Ag-CP coatings. The coating extracts were obtained by the sample incubation in 0.9% NaCl solution for 7 days at 37°C (2 mL medium per sample was used according to ISO 10993-5). A microbial suspension with an extract (250 microbial bodies) was prepared in sterile conditions in 15 mL plastic tubes at proportion 1:1 (0.5 mL: 0.5 mL) and was incubated for 2 h at 37°C. Then 0.4 mL of the suspension was placed on a nutrient agar medium (PAS) in Petri dishes and was cultured for 24 h at 37°C and 100% humidity. The three types of samples group were used for comparison study of antibacterial activity. The first group (the control sample) was medium 0.9% NaCl solution (without coated plates), the second group was plates with calcium-phosphate coatings (CP-1) (without Ag) and the third group was plates with Ag-CP coatings. Three Petri dishes were taken for each group. The amount of S. aureus colony forming units (CFU) per cm 2 grown on PAS was calculated. The antibacterial activity against S. aureus was represented by the antibacterial rate (Z, %), following [42] :
where A is the average number of bacteria on the tested sample, B is the average number of bacteria on the control sample. Each experiment was performed five times. 3T3-L1 mouse fibroblast culture (ATCC CL-173) [48] was used for in vitro cytotoxic tests of the coatings. The studies were carried out according to the MTT assay by standard ISO 10993-5-2009 [49] . Direct contact and extraction methods were used for the cell viability evaluation. In the study of viability by the contact method, the cells were planted in 6-well plates ("SPL lifescience", Korea). The cell density was 10 4 cells/cm 2 and their cultivation was carried out in complete DMEM/ F12 nutrient medium with 10% fetal bovine serum (FBS). After the cells formation of 100% confluent monolayer, the test samples were placed in the wells. After 48 h of incubation, the cells were removed from the surface of the wells with a solution of trypsin-EDTA (0.25%) (PanEco, Russia) and their viability was determined.
The coating extracts were obtained by their incubation in DMEM/ F12 culture medium at 37°C for 72 h. Then the extracts were added to the wells after the cell formation of sub-confluent monolayer. The plates were incubated for 48 h at 37°C in a CO 2 -incubator MCO-5AS (SANYO, Japan) in an atmosphere of 95% air and 5% CO 2 [50] . The cells were precipitated by centrifugation. Then 1.5 mL DMSO (PanEco, Russia) was added to the sludge to dissolve the formazan. The amount of formazan was measured by means of an SF-2000 spectrophotometer (OKB-Spectr, Russia) at a wavelength of 560 nm. The results were analyzed using Statistics 10.0 software. The data has been seen as the mean, standard derivation and standard error of the mean, as well as the median (Me), 25% quartile (Q1) and 75% quartile (Q3). In order to analyze the available data sets a normal distribution Kolmogorov-Smirnov test was applied. The non-parametric Mann-Whitney's U-test was performed, and the differences of values at p < 0.05 were considered significant.
Results and discussion
Processes of CP, Ag-and Sr-Si-containing CP coatings formation by the MAO method in
Complicated plasma-chemical and electrochemical processes took place in the area of micro-arc discharges during the MAO process. As a result, the formation and growth of the coating layer occurred [13] . The dependences of the formed coatings' thickness as well as their roughness on the MAO physical parameters such as current density, deposition time and applied voltage have been revealed. In addition, the influence of the composition of the electrolyte on the thickness and roughness of the coating was identified. As shown in Fig. 1a (curve 1) , the current density decreased during the MAO process owing to the growth of the coating layer with low electrical conductivity. Two stages can be distinguished in the growth mechanism of the coating.
The current density decreased according to the exponential law more intensively from 0.25 to 0.075 A/cm 2 at the first stage (up to~3 min). In this case, the coating grew rapidly because of the occurrence of numerous intensive micro-arc discharges. During the second stage (from 3 to 10 min), the current density decreased to the minimum value as the coating became rather thick and prevented its breakdown. Micro-arc discharges died out. The inverse exponential dependence of the Sr-Si-CP coating thickness growth at applied voltage of 200 V is observed in Fig. 1a (curve 2) . The intensive growth of the coating thickness up to 30 μm occurred at the first stage. Then at the second stage, the growth rate slowed down, and the coating thickness increased by 20 μm. Another regularity of the MAO current density and coating thickness against the deposition time is observed in Fig. 1b for Ag-CP coatings. The current density decreased linearly from 0.8 to 0.2 A/cm 2 within the first minute of the coatings deposition. For the following 2 min, current density decreased gradually to the minimum value, and, after that, remained constant. In this case the coating thickness increased linearly up to 54 μm. It was found out that the formation of the coatings in different electrolytes occurred under the different applied voltages (Fig. 1c and  d) . The thickness and roughness of the CP-1 and Ag-CP coatings deposited in the alkaline electrolytes increased from 20 to 50 μm (Fig. 1c,  graphs 3,4) and from 1.5 to 4.0 μm (Fig. 1d, graphs 3,4) , respectively, with increasing of the MAO voltage from 350 to 450 V. Meanwhile, the CP-2 and Sr-Si-CP coatings formed in the acid electrolytes at voltages of 200-350 V were characterized by the significantly greater thickness and roughness as compared to the coatings produced in the alkaline electrolytes. Their thickness and roughness increased intensively from 30 to 140 μm (Fig. 1c, graphs 1,2) and from 2 to 8 μm (Fig. 1d, graphs 1,2 ) respectively, with increasing of the applied voltage. According to the researchers [51] , the range of value of the surface roughness from 2.0 to 3.0 μm is optimal since the surfaces with this roughness are the most suitable for the bone tissue regeneration.
It should be emphasized that the value of thickness and roughness for CP-1 and CP-2 coatings without trace elements was lower than that for Ag-CP and Sr-Si-CP coatings. Thus, trace elements participated in the plasma-chemical reactions during the MAO process and intensified them. The compositions and properties of the obtained coatings are presented in Table 1. 3.2. Characterization of the CP-1 and Ag-CP macro-arc coatings formed in the alkaline electrolyte SEM studies showed the presence of the developed surface morphology and porous structure in the CP-1 and Ag-CP coatings (Fig. 2) . A large number of isometric particles uniformly distributed over the coating surface and can be seen in SEM-images (Fig. 2 a-d) . These particles correspond to β-TCP transferred from the electrolyte into the coating surface during the MAO process [23] .
Numerous ridges and hollows were observed in SEM images of the coatings formed at higher voltage of 450 V (Fig. 2 c,d ). They were formed under the action of powerful local micro-arc discharges. In addition, as the applied voltage increased from 350 to 450 V, the average pore size grew from 1.7 to 3.7 μm (Fig. 3) . The SEM images of the coatings cross-section demonstrated their internal porous structure (Fig. 2 e,f) . Fig. 3 shows the histograms of the pore size distribution in the coatings depending on the applied voltage and electrolyte composition. All histograms had unimodal distribution. It was found, that the average pore size increased not only with an increase in the applied voltage, but also with the introduction of silver ions into the electrolyte. Therefore, it confirmed that the MAO process occurred more intensively with the participation of silver ions.
The dependences of the hydrophilic properties of Ag-CP coatings on the applied voltage and the process duration were investigated (Fig. 4) . It is known that hydrophilic surfaces exhibit high cell adhesion and proliferation, as well as protein adsorption [52] . Wettability studies of Ag-CP coatings showed that the values of the wetting angles with water and glycerol were in the range of 65-73° (Fig. 4 a) . In the meantime, wetting angle with water for the Ag-CP coatings deposited for 10 min decreased linearly up to 48°when the process voltage increased up to 450 V.
The free surface energy of the Ag-CP coatings deposited for 10 min was calculated according to Owens-Wendt method (Eq. (1)) via two dispersion and polar components. It was revealed that the polar component predominated significantly and equals to~33 mN/m (Fig. 4 b) . Meanwhile, the dispersion component did not exceed 9 mN/m. This is due to the presence of the polar chemical bonds in the coatings. These polar bonds determine the value of the free surface energy that equals to 37-41 mN/m regardless of on the value of the applied voltage.
As a result of EDX analysis of the CP-1 and Ag-CP coatings the changes in the Ca/P ratio which depend on the applied voltage and electrolyte composition were established (Fig. 5) . Varying the silver content in the Ag-CP coatings was also studied in this case.
The Ca/P ratio was determined in the whole area of the coatings (area 1 marked by the yellow line in Fig. 5a ), in the local areas containing TCP particles (area 2) and in the local areas without any particles (area 3).
The histograms showed that the Ca/P ratio in all the studied areas of both Ag-free coatings and Ag-containing coatings did not differ much and was 1.0-1.2 (Fig. 5c) . The elements maps demonstrated uniform distribution of the elements, especially, of silver in the coatings (Fig. 5b) . When the MAO process voltage increased from 350 to 450 V the silver content in the coatings grew from 0.3 to 0.8 at.% (Fig. 5d) . XRD study revealed the crystalline structure in the CP-1 and Ag-CP coatings (Fig. 6) . The crystalline phases such as β-TCP, α-TCP and titanium oxide TiO 2 in the form of anatase were identified in the coatings. The oxide layer was formed in the coatings due to the oxidation of the substrate material. β-TCP transferred from the electrolyte to the coating at the last moment of deposition, when the current density becomes minimal (Fig. 1a) . Polymorphic transformation of β-TCP in α-TCP took place because there was a high temperature above 1100°C in the area of the micro-arc discharge.
It was found by TEM studies that additionally the phase of HA presented in the fragments of CP-1 and Ag-CP coatings besides the β-TCP, α-TCP and TiO 2 phases (Fig. 7) . Crystallites of isometric shape and sizes from 20 to 170 nm were clearly visible on the dark-field TEM images of particles in the reflections (131) from β-TCP, (132) from α-TCP and (331) from HA. In this case the crystallites of HA and α-TCP were observed mainly on the particle borders. Thus, it is assumed that α-TCP and HA were formed in the surface layer of the coatings as a result of high-temperature reactions which happened in the process of micro-arc coatings synthesis. Moreover, the phase transition β-TCP in α-TCP and the formation of HA occurred at the interface of β-TCP particles.
The antibacterial activity of CP-1 and Ag-CP coatings deposited in the alkaline electrolyte at 450 V against S. aureus strain was determined Bioactive Materials 4 (2019) [224] [225] [226] [227] [228] [229] [230] [231] [232] [233] [234] [235] ( Fig. 8) . The highest concentration of S. aureus CFU was found in the extracts of the CP-1 coatings (without silver). The number of S. aureus CFU reduced significantly in the extracts of the Ag-CP coatings. Therefore, the Ag-CP coatings were characterized by the high antibacterial rate against S. aureus which equals to 45%. The influence of Ag-CP coatings on the growth of microorganisms can be described as a bacteriostatic effect caused by suppression of the growth of microorganisms and a decrease in the number of CFU. Linling Yin et al. [43] performed a similar analysis, in which they demonstrated a coating with the layer of TiO 2 nanotubes doped with silver nanoparticles that exhibited antibacterial rate against planktonic S. aureus which equals to 37.4%. As reported [34, 36, 43] Ag exhibit excellent antibacterial properties in broad spectrum of bacteria, including gram-positive and gram-negative bacteria. The antibacterial effect of Ag becomes apparent when it is dissolved in body fluids. In this case binding with proteins occurs, which, in its turn, leads to disturbance of the microbes' activity and the suppression of their proliferation. In the present work, the coatings were deposited in an electrolyte containing 1 g/l AgNO 3 . The silver content in the coatings determined by the EDX method varied in the range of 0.3-0.8 at. %. Previous studies [53] showed that after the 5-week coatings dissolution the silver content halved, which indicates that silver dissolves in the biological media. But even after 24 h of interaction of S. aureus with 7-day extracts of Ag-CP coatings, a clear bacteriostatic effect was observed as compared with medium of 0.9% NaCl and CP1 coatings.
But antibacterial activity of Ag coatings can be accompanied by a cytotoxic effect, as reported by M. Rizwan et al. [34] . The in vitro cytotoxic test of the CP-1 and Ag-CP biocoatings demonstrated that the number of viable cells after 24 h of cultivation in the direct contact with the coatings exceeded 89% (Table 2 ). Thus, it was found that the coatings did not show cytotoxic effect in the direct in vitro 24-h contact with cells.
Characterization of the CP-2 and Sr-Si-CP macro-arc coatings formed in the acid electrolyte
The performed study proved that CP-2 and Sr-Si-CP coatings were different from CP-1 and Ag-CP coatings not only in their thickness and roughness, but also in their surface morphology due to the different parameters of the coatings deposition and various compositions of the electrolytes. The surface morphology of the CP-2 and Sr-Si-CP coatings included the spheroidal elements and open pores (Fig. 9 a-с) . The formation of spheres and pores in the coatings occurred owing to the gas-plasma "bubbles" generation in the channels of micro-arc discharges. A threadlike channel filled with plasma was formed in the coating layer [2] . The hole of the channel facing the electrolyte was the outlet for the heated substance. As the voltage increased in the range of 200-350 V, the intensity of micro-arc discharges also increased which consequently led to the temperature rise inside the channels. As the result, the sizes of the pores and spheres increased from 4.9 to 8.1 μm and from 17.0 to 29.2 μm, correspondingly (Fig. 10) . The plate-like crystals were observed inside the spheres and hemispheres (Fig. 9 b,c) . It was found earlier [23] , that an increase of voltages above 400 V was accompanied by the transition of micro-arc discharges into arc ones and coatings destruction.
The complicated porous structure with a large number of round and elliptical pores was detected by observing of SEM images the coatings cross-sections (Fig. 9 d-f) . As it has been illustrated, the coatings thickness and roughness increased linearly in the range of 30-140 μm and 2-8 μm, respectively, as the voltage increased (Fig. 1 c,d ). In this case, large pores of almost 20 μm in diameter were formed (Fig. 9 e,f) .
As X-ray analysis has shown, the structure of CP-2 and Sr-Si-CP coatings transformed with the voltage increasing (Fig. 11 a,b) .
XRD patterns of the coatings deposited at 200 V demonstrated the diffuse halo in the angular range of 2θ = 20-35°so the coatings had an amorphous structure. Reflexes corresponding to the substrate material Ti were observed on the XRD pattern of the CP-2 coating deposited at the voltage of 200 V. This is due to fact that the CP-2 had lower thickness compared to Sr-Si-CaP (Fig. 1c) . When the voltage increased in the range of 250-350 V, the diffraction reflexes of monetite (CaHPO 4 ) appeared on the XRD patterns, moreover, the intensity of reflexes from different crystallographic planes of CaHPO 4 increased. In this case the halo area expanded to 2θ = 20-40°. Thus, with increasing of the applied voltage, the structure of the coatings became amorphouscrystalline wherein the content of the crystalline phase was equal to 35 ± 5 wt%.
The bright-field and dark-field TEM images and SAD patterns of the Sr-Si-CP coatings obtained at different applied voltages are illustrated in Fig. 12 .
The TEM results confirmed that Sr-Si-CP coatings obtained at low voltage of 200 V had an amorphous microstructure. The SAD pattern contained up to four diffuse halos corresponding to amorphous calcium phosphate compounds (Fig. 12b) . Increasing of the voltage up to 350 V led to the transformation of the coatings microstructure from amorphous to amorphous-crystalline. Numerous point-ring reflections together with diffuse halos were observed in SAD patterns of coatings deposited at 350 V (Fig. 12e) Table 2 Results of in vitro cytotoxic test of CP-1 and Ag-CP coatings, Me (Q1 -Q3). Note: The results are presented as the median (Me) characterizing values in 50% of samples, Q 1 -25% percentile and Q 3 -75% percentile. Differences compared with the controls by Mann-Whitney U-test were considered significant at p < 0.05, n -the number of tested specimens.
field TEM images in the reflections (201) α-Ca 2 P 2 O 7 , (206) β-Ca 2 P 2 O 7 and CaHPO 4 ( Fig. 12 f-h ). The form of all crystallites was close to equiaxial.
The amount of elements determined by the EDX microanalysis in SrSi-CP coatings deposited at the different voltages is presented in Table 3 . When the applied voltage increased the concentration of Ca increased too, while P and Ti concentration decreased. In this case, the amount of Sr and Si remained unchanged. The growth of the applied voltage led to an increase in the intensity of micro-arc discharges and an increase in the temperature of the electrolyte. Therefore, the dissolution of hydroxyapatite and the interaction of calcium phosphate substances with the substrate occurred more intensively. Crystalline compounds such as Ca 2 P 2 O 7 and CaHPO 4 were formed in the coatings so the Ca/P ratio grew from 0.3 to 0.5.
The maps of the elements distribution showed that Ti, P, Ca, Sr, and Si were distributed evenly on the surface of Sr-Si-CP coatings deposited at applied voltage of 200 V. However, in the coatings obtained at the voltage of 350 V, calcium and phosphorus were localized in the areas of plate crystals (Fig. 13) .
Biological in vitro MTT test of the CP2 and Sr-Si-CP biocoatings demonstrated that the fraction of viable 3T3-L1 fibroblasts after 48 h of cultivation in the direct contact with the CP-2 coatings and in their extracts was more than 86% (Table 4 ). In the case of cultivation of cells with Sr-Si-CaP coatings, a decrease in cell viability was not observed, and their proliferative activity increased (108-113%). This is the evidence of the high biocompatibility of the CP-2 and Sr-Si-CP coatings and the absence of cytotoxic impact on the cells. This result can imply the osseoconductive and osteotropic properties of the Sr-Si-CP biocoatings.
The amount of evidence that Sr enhances bone remodeling has increased [54] . Partial calcium substitution by strontium in hydroxyapatite structure could increase bone formation and, what is more, decrease bone resorption. This leads to the prevention of bone loss and increases bone mass and bone strength. Besides, Sr may enhance coating were able to be modulated more beneficially because of the accelerated biomineralization. Thus, the Sr and Si presence locally at the interface between the implant and bone via a calcium phosphate coating should stimulate bone formation and enhance osteointegration.
Conclusions
Bioactive Ag or Sr-Si-containing CP coatings were produced by the MAO method. To synthesize Sr-Si-incorporated coatings the acid electrolyte was used, and to form Ag-containing coatings the alkaline electrolyte was used. The formation of the coatings took place at different applied voltages, and the coatings properties varied significantly. The Sr-Si-CP coating thickness increased exponentially with MAO time, while the Ag-CP coating thickness increased linearly.
The values of thickness and roughness for the coatings without additive elements were lower than those for Ag-CP and La-Si-CP coatings. Thus, Ag, Sr and Si elements participated in the plasma-chemical reactions of the micro-arc coatings formation and intensified them.
The surface morphology of the coatings deposited into the alkaline and acid electrolytes was different. Ag-CP coatings contained pores and isometric particles of β-TCP uniformly distributed in the coatings. The spheroidal elements and open pores were observed on the surface of SrSi-CP coatings.
The phase composition of Ag-CP coatings included following crystalline phases: β-TCP; α-TCP; HA; TiO 2 (anatase, rutile). Sr-Si-CP coatings deposited at 200 V had amorphous structure. When the applied voltage increased up to 350 V, the coatings structure transformed from amorphous to amorphous-crystalline. Crystalline compounds such as Ca 2 P 2 O 7 , CaHPO 4 and TiO 2 (anatase, rutile) were formed in this case. Note: The results are presented as the median (Me) characterizing values in 50% of samples, Q 1 -25% percentile and Q 3 -75% percentile. Differences compared with the controls by Mann-Whitney U-test were considered significant at p < 0.05, n -the number of tested specimens.
Ag-CP coatings demonstrated strong bacteriostatic effect against S. aureus. At the same time, as Ag-CP as Sr-Si-CP coatings did not show cytotoxic effect on the fibroblasts. Moreover Sr-Si-CP coatings increased cells proliferative activity. This result can imply the osseoconductive and osteotropic properties of the Sr-Si-CP biocoatings. The Sr and Si presence locally at the interface between the implant and bone via a calcium phosphate coating should stimulate bone formation and enhance osteointegration [55] . However, further research of the antibacterial and osteotropic properties of Ag-CP and Sr-Si-CP biocoatings for functionalization of the surface of metallic implants and biomedical application is also required.
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